proposed to relate to the putative atheroprotective actions of HDL including RCT. However, a recent study revealed a disconnect between genomic loci associated with higher plasma HDL-C and the occurrence of myocardial infarction. 1 The findings of this elegant work suggest that genetic variants uniquely related to higher HDL-C may not reduce risk for myocardial infarction, whereas, as expected, variants increasing plasma low-density lipoprotein-cholesterol (LDL-C) do increase risk for myocardial infarction. 1 This study questions the proposed atheroprotective role of total HDL-C in CVD.
T he ratio of cholesterol efflux (removal from peripheral cells) to cholesterol influx (uptake into peripheral cells) is critical to cellular cholesterol homeostasis in health and diseases such as atherosclerosis. Reverse cholesterol transport (RCT) is the dynamic process by which excess cholesterol is removed from peripheral tissues by extracellular acceptors and delivered to the liver for excretion. High-density lipoprotein (HDL) plays a key role in RCT as an acceptor of cellular cholesterol and promotes efflux of cholesterol from cells to lipoprotein acceptors such as HDL, considered the initial step of RCT. 2 Epidemiological studies have established an inverse relationship between circulating HDL-cholesterol (HDL-C) concentrations and the risk of clinical cardiovascular disease (CVD), 3 an association the possible role of HDL-mediated efflux in atherosclerotic CVD independent of HDL-C levels. 4 A criticism of this established approach, however, is that assays of FC efflux do not capture the influx component of total cholesterol movement and thus provide no information on changes in cellular cholesterol mass. Cholesterol flux between cells and lipoproteins is essential to maintain cell cholesterol homeostasis and overall health. Physiologically relevant acceptors, such as lipoproteins, contain both FC and cholesteryl ester and promote both efflux and influx, resulting in a bidirectional movement of cholesterol between cells and lipoproteins. 5 FC efflux occurs via ABC (ATP binding cassette) transporters, such as ABCA1, ABCG1, and ABCG4, via the scavenger receptor class B type I and via unmediated aqueous diffusion. 6, 7 ABCA1 mediates FC efflux from macrophages to small, discoidal, lipid-free/ poor pre-β-HDL, and esterification of HDL-FC by lecithincholesterol acyltransferase leads to mature, spherical phospholipid-rich particles that promote further efflux of FC via scavenger receptor class B type I, ABCG1, and aqueous diffusion. In turn, enzymatic hydrolysis of HDL-phospholipids from mature HDL can regenerate smaller particles with release of apolipoprotein A-I. Influx of FC and cholesteryl ester can occur by receptor-mediated selective uptake from mature HDL and by uptake of intact lipoproteins via several mechanisms.
Although there are multiple pathways of cholesterol efflux, the actual measurement of efflux is relatively simple. Efflux measures movement of FC out of cells and can be monitored by the use of fluorescent or radioactive labels that tag cellular FC pools. 8, 9 Influx involves the uptake of both FC and cholesteryl ester from lipoproteins and also occurs via multiple mechanisms such as whole particle uptake via pinocytosis, via the LDL receptor, and via the scavenger receptor class A by selective uptake of cholesteryl ester via receptors like scavenger receptor class B type I and CD36 (a member of the class B scavenger receptor family) and via aqueous diffusion of FC. [10] [11] [12] [13] In contrast to efflux assays, the quantification of lipoproteinmediated cholesterol influx is more complicated. Because cholesterol in serum lipoproteins cannot be specifically tagged, its movement into cells has to be measured indirectly. Moreover, when physiological matrices, such as serum, are used, individual lipoproteins and apolipoproteins contribute to both the efflux and influx of cholesterol in a complex manner.
Here, we describe an adaptation of an established bidirectional flux assay 5 to obtain estimates of both components of FC movement (influx and efflux) between serum and macrophages, cells that are of direct relevance to atherosclerosis. We also report results obtained when we applied this assay to investigate how the cholesterol content of macrophages is affected by exposure to either serum or apolipoprotein B (apoB)-depleted (HDL-fraction) serum from individuals with high or low serum triglycerides (TGs). We focused specifically on individuals with high TGs and low HDL-C for the following reasons. First, recent genomic studies suggest that loci for lower HDL-C that associate with increased risk of CVD also relate to increased serum TGs, whereas loci uniquely associated with lower HDL-C have inconsistent association with CVD. 1, 14, 15 Second, high serum TGs are an independent risk factor for CVD 16, 17 ; however, elevated serum TGs are paradoxically associated with higher serum apolipoprotein AI (apoAI) in the pre-β-HDL-fraction, suggesting that serum of individuals with high TGs may efficiently promote FC efflux from macrophages even if HDL-C is low. 18 To explore whether serum TGs could affect efflux capacity by modulating the population of HDL acceptor particles, we measured FC flux using apoB-depleted serum that eliminates any direct contribution of apoB lipoproteins to flux and allows us to better assess the effect of the HDL-fraction.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Measurement of Macrophage Bidirectional Flux of FC Mass With Serum
To measure both the efflux and influx components of bidirectional FC flux between serum and macrophages, we adapted a published method using the Fu5AH rat hepatoma cell line 5 to the J774 macrophage model. Cells were radiolabeled as described for FC efflux assays (see Materials and Methods in the online-only Data Supplement). Influx, or cholesterol mass moving into the cell from serum, was estimated from the decrease in the average specific activity ( 3 H-cholesterol/μg cholesterol per mg cell protein) of labeled cellular FC. Efflux, or cholesterol mass moving out of the cells to serum, was estimated by applying the average specific activity of FC in the cells to the cellular radioactivity released during the 8-hour incubation with acceptors. The fractional release of radioactive cellular FC was also determined. The mass of cellular FC was measured by gas liquid chromatography (GLC) using a standard method 19 in extracts of cells obtained before (T0 cells) and after 8-hour incubation with serum or apoB-depleted serum. In this bidirectional flux assay, the net change in cellular FC mass can both be measured (cellular FC remaining after 8 hours) and predicted from the estimates of efflux and influx, thus serving as a convenient quality control for net flux estimation. Arbitrarily, we express net change in cellular cholesterol, net flux, as the difference between efflux and influx (efflux-influx) whereby net movement out is positive net flux and net movement in is negative net flux. In all experiments, a standard serum pool obtained from healthy donors was included, and the flux values were standardized to flux values obtained for this pool. All specimens were assayed in triplicate, and the units of flux are μg FC/mg cell protein per 8 hour, unless otherwise indicated.
Results

Correlation of Serum Triglycerides With FC Efflux From Macrophages
High serum TGs are an independent risk factor for CVD 16 an apolipoprotein A-I-containing particle that enhances macrophage FC efflux, 18 a measure of HDL-function. 4 To explore the influence of serum TGs on serum efflux capacity, we performed a retrospective analysis of the FC efflux capacity (>4 hours) of apoB-depleted serum (HDL-fraction) from a sample of individuals enrolled in the Penn HDL Inflammation and Oxidation Study (PHINOX) (N=273). This analysis of existing data showed a weak positive correlation between FC efflux to apoB-depleted (HDL-fraction) serum and serum TGs levels ( Figure 1A ). When the total sample was divided into individuals with HDL-C below (n=58) or above (n=215) 40 mg/dL, the cutoff point at which HDL-C is considered a risk factor for CVD, 20 there was no correlation between serum TGs and FC efflux in those with HDL-C >40 mg/dL ( Figure 1B ). However, in the subgroup with HDL-C <40 mg/dL, there was a significant and stronger positive correlation between FC efflux and serum TGs ( Figure 1C ) relative to the full sample, suggesting that TG-related factors contribute more to efflux to apoB-depleted serum when HDL-C and HDL-derived particles are reduced.
To further explore this observation and examine the specific efflux pathway underlying the association between serum TGs and FC efflux from J774 macrophages, we selected 2 groups of individuals from the Penn Diabetes Heart Study (PDHS) cohort, matched for age, sex and race, with either favorable lipids (low TG-VLDL/normal HDL-C; n=10) or unfavorable lipids (high TG-VLDL/low HDL-C; n=13; Table  I in the online-only Data Supplement). Table 1 summarizes the HDL-C, LDL-C, VLDL-C, TG, and apoB composition of serum from these individuals as well as the total cholesterol, TG, and apoB values from the apoB-depleted serum. We obtained >98% depletion of apoB, regardless of serum TG content. Recoveries of apoB and TGs in the apoB-depleted serum from individual serum specimens are given in Table II in the online-only Data Supplement. The serum LDL-C values (median [interquartile range]) for these 2 groups were the same (in low TG-VLDL/normal HDL-C participants, LDL-C=111 [97-131]; in high TG-VLDL/low HDL-C participant, LDL-C=109 [97-137]; P=0.97; Table 1 ). In addition, all PDHS subjects with unfavorable lipids except 2 of 10 with favorable lipids fulfilled criteria for definition of the metabolic syndrome, 21 a setting of inflammation and metabolic study. The PHINOX study was designed to examine inflammatory and oxidant factors related to high-density lipoprotein-cholesterol (HDL-C) and subclinical atherosclerosis in healthy adults as assessed by measures of intima-media thickness (IMT). Efflux from macrophages to the apolipoprotein B-depleted serum from these individuals showed an inverse relationship between efflux and carotid IMT. The data collected from this study were further analyzed to identify other serum factors that correlated to cholesterol efflux. Cholesterol efflux values were plotted against serum triglyceride values. A shows the entire population (N=273). B shows the specimens with HDL-C ≥40 mg/dL (n=215). C shows the specimens with HDL-C <40 mg/dL (n=58). 
The Penn Diabetes Heart Study was designed to evaluate new risk factors related to heart disease in Type 2 diabetics and provided serum selected for high or low serum triglycerides (TGs) and very low density lipoprotein-cholesterol (VLDL-C) and low or normal high-density lipoprotein-cholesterol (HDL-C) from individuals matched for age, sex, and race. A subset was selected for the current study. The groups chosen represent individuals with similar normal low-density lipoprotein-cholesterol (LDL-C) and either a favorable (low TG-VLDL/normal HDL-C; n=10) or an unfavorable (high TG-VLDL/low HDL-C; n=13) lipid profile. ApoB indicates apolipoprotein B. Because data were not normal in distribution, lipid values (mg/dL) are presented as median and interquartile range (IQR), and statistical comparisons used the Mann-Whitney U test*. January 2014 dyslipidemia 22 previously linked to changes in serum efflux capacity and HDL-function. [23] [24] [25] Using these sera, we measured total ( Figure 2A ) and ABCA1-mediated (Probucol-sensitive, 26 see Materials and Methods in online-only Data Supplement; Figure 2B ) 3 H-FC efflux from macrophages to apoB-depleted serum samples. Total efflux to apoB-depleted serum was equivalent in both experimental groups. However, we found that the group with the unfavorable lipid profile (high TG-VLDL/low HDL-C) had greater ABCA1-mediated FC efflux to this HDLfraction than the group with favorable lipids ( Figure 2B ). This ABCA1-mediated efflux represented 47% of the total release of 3 H-FC from J774+cyclic 3',5'-amp(CTP-amp) (cAMP) macrophages in the high TG-VLDL/low HDL-C group compared with 12% in the low TG-VLDL/normal HDL-C group (47±2.6%, n=13 versus 12±4.6%, n=10; P<0.0001). Although this assay measures movement of tracer FC ( 3 H-FC) and not actual mass of FC, the observation that high TG-VLDL/low HDL-C apoB-depleted sera enhances ABCA1-mediated FC efflux from macrophages suggests an efflux driven reduction in cellular FC after incubation with the HDL-fraction of high TG-VLDL/low HDL-C sera. This conclusion, however, does not take into account the extent of FC influx, a vital component of cellular cholesterol homeostasis under normal physiological circumstances in vivo.
Characterization of the Bidirectional Flux Assay to Measure Movement of FC Mass Between J774 Macrophages and Serum
When cells are incubated with serum, the net flux of cellular cholesterol, that is, the difference between efflux and influx, can result in either net accumulation or net loss. We have shown that measures of radioactive FC efflux from either FC-normal or FC-enriched cells provide an estimate of the relative ability of serum to promote cholesterol release or efflux potential 4 but isotopic efflux reflects the change in cellular cholesterol mass only when donor cells are enriched in FC. 27 To develop an assay for efflux and influx of cholesterol using J774 macrophages, we first determined the optimal conditions in the J774 model for our bidirectional assay. Bidirectional FC flux was compared under 4 distinct conditions: FC-normal and FC-enriched J774 cells each with or without cAMP pretreatment ( Figure 3A-3D ). As expected, both cAMP pretreatment and FC enrichment of J774 cells ( Figure 3B and 3D) increase efflux and net flux outward of cellular FC 27 ; cAMP induces greater ABCA1 efflux, whereas cellular FC enrichment also upregulates ABCA1 and reduces influx ( Figure 3C and 3D). Figure I in the online-only Data Supplement further illustrates that FC enrichment increases the efflux arm of bidirectional flux whereas decreasing influx. Thus, whereas the ratio of efflux to influx in FC-enriched cells is close to 5, it approaches 1 in FC-normal cells. In addition, in this experiment (n=21), influx positively correlated with LDL-C levels in FC-normal cells (r 2 = 0.104; P=0.010) but not in FC-enriched cells (r 2 =0.037, NS), suggesting that FC enrichment blunts the influence of LDL-C on cellular cholesterol levels. Table  III in the online-only Data Supplement shows the interassay variability obtained when 2 different serum specimens from healthy donors as well as a standard pool were assayed in 3 separate experiments. The coefficients of variation for influx were 8% for untreated and 7.5% for cells treated with cAMP, whereas the coefficients of variation for efflux averaged 13% and 6.5% for untreated and cAMP-treated cells. Thus, we chose FC-normal cells pretreated with cAMP ( Figure 3B ) as the preferred model to test serum samples because of its intermediate phenotype in net flux and its superior reproducibility and sensitivity (see Figure I and Table III in the onlineonly Data Supplement). Furthermore, FC-normal cells may reflect dynamic interactions (both influx and efflux) of serumderived lipoprotein particles with macrophages that are not as yet cholesterol-loaded foam cells during the initiation and progression of early atherosclerosis.
Before applying this macrophage bidirectional flux assay, additional validation was undertaken by using test incubations to promote either greater efflux or influx. Figure IIA in the online-only Data Supplement shows that when FC-enriched cells treated with cAMP were incubated with increasing concentrations of either serum or apoB-depleted serum from Figure 4 shows that when FC-normal J774 cells treated with cAMP were incubated with serum supplemented with acetylated low-density lipoprotein, the influx of FC significantly increased with increasing concentrations of acetylated low-density lipoprotein but efflux did not change significantly. The results shown in Figure 4 and Figure  II in the online-only Data Supplement were expected but, taken together, demonstrate the reliability of our estimates of both the efflux and influx components of bidirectional flux between J774 macrophages and diluted human serum specimens.
Influence of High TG and Low HDL on Bidirectional FC Flux From Macrophages
We applied this bidirectional J774 macrophage FC flux assay to both apoB-depleted (HDL-fraction) and diluted whole serum from PDHS individuals having favorable or unfavorable lipid profiles as described in Table 1 . Even after depleting the apoB-containing lipoproteins from serum, significant FC influx occurred ( Compared with individuals with a favorable lipid profile, apoB-depleted serum from individuals with unfavorable lipids promoted similar total and more ABCA1-specific efflux of 3 H-FC in 4 hours ( Figure 2B ). However, this HDL-fraction promoted less release of actual FC mass during a longer incubation ( Table 2) , indicating that in some populations measurement of tracer cholesterol will not accurately predict cholesterol mass movement over time.
The results are more complex, yet striking, when whole serum (not depleted of apoB) was used. Serum from the group with the unfavorable lipid profile promoted greater FC efflux from cAMP-treated J774 macrophages than serum from individuals with the favorable lipid profile (Table 2 ). However, influx from serum of the group with unfavorable lipids was almost twice that obtained with the group having favorable profiles; thus net outward FC flux to serum for the group with unfavorable lipids was significantly lower than that for the group with favorable lipids (1.93±0.46 versus 3.36±0.47 μg FC/mg cell protein per 8 hour, respectively, P<0.04). These results underscore the importance of measuring both components of bidirectional flux, not just FC efflux, in determining the overall impact of specific lipoproteins and serum specimens on macrophage FC flux and cholesterol homeostasis. Although high serum TG-VLDL associates with increased efflux of isotopic FC via ABCA1, our estimates of bidirectional flux suggest that with time this serum profile would promote accumulation of cellular cholesterol mass, consistent with the observed association of increased TGs with atherosclerosis.
Discussion
Cholesterol represents a striking paradox; it gives plasma membranes the physical characteristics necessary to maintain cellular integrity and life and yet, in excess, it results in atherosclerosis CVD, the leading killer in the Western world. 28 The process by which excess cholesterol is removed from cells by extracellular acceptors such as HDL is called efflux. Indeed, efflux of cholesterol from peripheral cells is thought to be the first step in RCT, the process by which excess cholesterol is removed from the body. 29 Because the health of an organism is intimately linked to cellular cholesterol levels, the process of cholesterol efflux has garnered much attention. In fact, the capacity of apoB-depleted human serum samples to promote cholesterol efflux from J774 cells was recently shown to be an inverse correlate of carotid intima-media thickness and coronary artery disease independent of HDL-C levels. 4 Cellular cholesterol movement, however, is bidirectional. Cholesterol not only effluxes out of cells, but it is also moves into cells (influx). As mentioned above, efflux and influx occur through various regulated processes as well as by aqueous diffusion. The balance of cholesterol in a cell is not only dependent on how much cholesterol goes out, or efflux, but also how much comes in, or influx. The difference between efflux and influx yields the total or net flux of cholesterol, which we have defined as positive (if there is net efflux, ie, efflux > influx) or negative (if there is net influx, ie, influx> efflux). Ideally, cholesterol influx as well as efflux should be considered when studying the capacity of serum or lipoproteins to regulate cellular cholesterol homeostasis.
A retrospective analysis of efflux to apoB-depleted serum (HDL-rich fraction) obtained from PHINOX study individuals, a study that showed that 1 H-FC efflux from macrophages inversely correlated with carotid atherosclerosis and coronary artery disease, 4 indicated that there was a modest positive correlation between increasing serum TG levels and the capacity of an individual's serum to promote cholesterol efflux. At face-value, this result seems counterintuitive because high TGs are typically associated with higher cardiovascular risk. We analyzed the data further by dividing this population into individuals with low HDL-C and those with normal HDL-C. Interestingly, there was no correlation between efflux and TGs in the individuals with normal HDL-C levels. The correlation seen in the whole population seems to be driven by the more pronounced correlation between efflux and TGs in individuals with the low HDL-C, perhaps suggesting efflux efficiency is not simply a function of HDL-concentration. In these individuals, factors related to the metabolism of increased TG-rich lipoproteins may result in a population of acceptors and HDL skewed toward particles that are efficient ligands for cholesterol transporters.
Next, we studied an independent sample from PDHS with 2 groups of individuals specifically selected for either favorable lipid profile (low TG-VLDL/normal HDL-C) or unfavorable profile (high TG-VLDL/low HDL-C). Interestingly, apoBdepleted serum from the group with the unfavorable lipid profile had greater ABCA1-mediated 1 H-FC efflux than the group with the favorable lipid profile (Figure 2 ). This result is consistent with a previous report that individuals with elevated TG-VLDL levels have increased levels of pre-β-HDL. 18, 30 Despite the positive association of serum TGs with apparently atheroprotective ABCA1-mediated efflux, both high serum TGs and, notably more recently, high serum pre-β levels are positively correlated with increased atherosclerotic CVD in epidemiological studies. 3, [31] [32] [33] [34] Thus, it seems that macrophage 1 H-FC efflux data cannot be interpreted in isolation presumably because it neglects to account for macrophage FC influx, a vital component of cellular cholesterol homeostasis and likely disease mechanism for atherogenic lipoproteins. We have not addressed the specific biological mechanisms that lead to the presence of particles with increased efflux capacity Flux values were obtained as described in the Materials and Methods section and represent free cholesterol (FC) flux between FC-normal J774+ cAMPtreated cells and serum from 2 groups defined by their lipoprotein profile as described in Table 1 . ApoB indicates apolipoprotein B; HDL, high-density lipoprotein; and TGs, triglycerides. ApoB-depleted serum was used at 3.5%, equivalent to the 2.5% whole serum dilution used. All values represent average of triplicate determinations. Because flux data (μg FC/mg cell protein per 8 h) were normal in distribution, values are presented as mean±SEM, and statistical comparisons used the *Student t test.
in patients with high TGs but note that the PDHS participants with unfavorable lipids also had the metabolic syndrome. Thus, abnormalities described in this syndrome, including insulin resistance, chronic inflammation, 22, 35 increased phospholipid transfer protein activity, 23, 30 and altered lipase activity, as we have described, 24 may contribute to altered serum efflux capacity in these individuals.
Past experiments have focused on measuring efflux of cholesterol using radioisotopes to trace cholesterol movement out of cells. Although these studies have yielded valuable information on the mechanism(s) of cholesterol efflux, it is noteworthy that often cholesterol efflux values do not predict the level of cholesterol in the cell. Previously, we have described an assay for measuring bidirectional cholesterol flux in an Fu5AH rat hepatoma cell line. 5 With this assay, cholesterol efflux as well as cholesterol influx can be measured, thereby obtaining a more complete estimate of the cholesterol status of the cell. Because macrophages are relevant to the process of atherosclerosis, we adapted this assay to J774 macrophages, a model with established clinical relevance, 4 and used it to study serum from selected human samples.
The assay measures cholesterol flux by using radiolabeled cholesterol to detect cholesterol movement. Cholesterol influx is measured by changes in specific activity of radiolabeled cholesterol and cholesterol mass measurements. As well, efflux of FC mass can be estimated from specific activity of cellular FC and the radioactivity released. After adapting the assay for use with macrophages, we measured the interassay variation of the bidirectional flux assay and obtained values ≤10%, especially with cAMP-treated cells ( Table III in Table III in the online-only Data Supplement). In addition, we have shown that cAMP-treated, FC-normal J774 cells express all the known pathways that promote cholesterol flux between cells and cholesterol acceptors in serum. Furthermore, they provide a model of peripheral cells 36 poised to maintain cholesterol homeostasis or accumulate cholesterol and potentially become foam cells on long-term exposure to an unfavorable lipoprotein profile. Although the efflux of radioactive FC to either apoB-depleted or diluted serum was significantly correlated to the efflux of FC mass released to the same specimens, we found that in some instances efflux does not actually predict the net movement of cholesterol because of a large and variable influx component ( Figure 2 , Table 2 , and Figure 4 ).
When the bidirectional flux assay was applied to serum of individuals specifically selected for either high TG-VLDL/ low HDL-C (unfavorable) or low TG-VLDL/normal HDL-C (favorable) lipid profiles (Table 1) , we found that individuals with unfavorable lipids had greater efflux of FC mass to serum than those with favorable lipids (Table 2) . Conversely, in apoB-depleted serum, individuals with an unfavorable lipid profile had decreased efflux of FC mass (Table 2) , indicating that in these individuals, efflux to apoB-containing lipoproteins contributes to the release of FC mass. However, the elevated apoB-containing lipoproteins in individuals with unfavorable lipids also contributed to marked FC influx ( Table 2) . On the contrary, in individuals with favorable lipids, the apoB lipoproteins did not contribute much to FC flux. Thus, in spite of the increased ABCA1-mediated efflux to the HDL-fraction from individuals with unfavorable lipids and the contribution of their apoB lipoproteins to efflux, when cells are incubated with this serum, efflux does not balance the increased apoB-mediated FC influx. In contrast, efflux of FC mass to apoB-depleted serum and serum from individuals with favorable lipids was similar.
Our bidirectional flux data suggest that in cases where the serum lipoprotein profile is skewed, efflux to whole serum or apoB-depleted serum should not be interpreted in isolation. Indeed, cholesterol influx from whole serum with high TG-VLDL/low HDL-C is more than twice that from serum of the group with favorable lipids. When influx is considered, individuals with a favorable lipid profile have 43% higher net outward flux of cholesterol compared with those individuals with an unfavorable lipid profile. Interestingly, our data also indicate that there is measurable influx of cholesterol mass from the apoB-depleted fraction of serum (Table 2) , possibly via uptake from HDL but the precise mechanism remains to be determined. This observation further underscores that, even in the absence of apoB lipoproteins, one needs to account for cholesterol influx when determining net cholesterol movement and atherogenic potential of human serum samples because cholesterol flux between cells and cholesterol-containing lipoproteins (even HDL) is bidirectional and depends on the total lipoprotein profile, not just on HDL-concentration.
In large clinical studies, we have previously found that J774 macrophage cholesterol efflux is an independent risk factor for atherosclerotic CVD. 4 Recently, Li et al 37 confirmed these findings and demonstrated that cAMP-treated RAW 264.7 macrophage efflux of labeled free cholesterol to the apoB-depleted (HDL-fraction) serum was indeed associated with lower levels of prevalent coronary arthrosclerosis in cohorts with coronary artery disease. Remarkably, however, they observed that this efflux to the HDL-fraction (presumed to have a significant ABCA1 contribution because cells were treated with cAMP) predicted increased rates of incident CVD events in a 3-year follow-up of coronary artery disease patients (although this observation was made on a relatively small number of incident events), whereas HDL-C, apolipoprotein A-I, and apolipoprotein A-II levels predicted lower event rates. This article suggests that efflux to the HDL-fraction may not be a straightforward bioassay of HDL-function. The conflicting data for prevalent versus incident CVD underscore that macrophage cholesterol homeostasis in vivo as it relates to atherosclerosis and HDL-function is complex and that assays of efflux alone may not capture this complexity. Although our studies do not directly address the issues raised by Li et al, 37 our work is novel in that it examines cholesterol influx as well as efflux, thus exploring how the bidirectional cholesterol flux between individual serum specimens and a macrophage model can affect cellular cholesterol homeostasis.
The work we present here indicates that, although apoB lipoproteins are considered atherogenic by virtue of their role in promoting cholesterol influx, they affect the efflux component of flux even when absent from the incubation likely by affecting the distribution of HDL-particles and cholesterol acceptors. Thus, additional functional assays, such as bidirectional flux, are required to fully understand the impact of serum and its apoB-depleted HDL-fraction on CVD. 37 When considering specific populations such as individuals with high TG-VLDL/ low HDL-C, efflux of isotopic FC from macrophages to serum does not predict the net flux of cholesterol or the actual cholesterol content of cells. In addition, our study suggests that although serum with increased pre-β-HDL may be efficient at promoting the early release of 3 H-FC, small particles seem to be less efficient at promoting sustained efflux of FC mass. Therefore, macrophage efflux capacity, when considered in isolation, may not always predict reduced risk of CVD or provide an accurate measure of the atherogenic or atheroprotective potential of serum samples.
In future studies, it is important to define whether measures of bidirectional flux provide value beyond efflux capacity alone in CVD risk prediction. It is possible that the apoB lipoproteins in serum account fully for the influx component of our bidirectional assay. However, this requires additional study. Whether measures of influx provide incremental value in our understanding of CVD beyond plasma levels of apoB lipoproteins and assays of HDL efflux capacity is an open question. Large clinical studies are required to compare efflux capacity with bidirectional flux parameters across the full spectrum of serum lipid profiles and to determine their relationship with measures of atherosclerosis and the occurrence of clinical CVD.
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Because cholesterol flux between cells and lipoproteins is bidirectional, measures of efflux do not capture the influx component of flux and cannot predict the direction of changes in cellular cholesterol mass. We have adapted an assay previously used to measure bidirectional cholesterol (free cholesterol, FC) flux from Fu5AH hepatoma cells for use in the J774 macrophage model, where FC efflux has been related to clinical atherosclerosis. We used this assay system to explore whether estimates of FC influx and bidirectional flux might provide additional insights beyond FC efflux into the role of FC flux in cardiovascular disease (CVD). Application of the bidirectional cholesterol flux assay using our macrophage model provides measures of the net change in cellular cholesterol mass after exposure to acceptors, such as serum and HDL, as well as estimates of efflux and influx, thus adding insights into serum components, disease states, and therapies that either prevent or promote deposition of cholesterol in a cell model that is relevant to atherosclerosis.
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